Abstract. We study the temporal evolution of concentrations of the chlorofluorocarbons CFC 11 and CFC 12 in the ocean, under the assumption of circulation and mixing being invariant in time. This allows us to define a time-invariant age distribution for a given point in the ocean, where the age is defined as time since the last contact with the atmosphere occurred. This concept is evaluated for a number of fundamental situations. We deduce a tendency for low CFC 11 and CFC 12 concentrations in advective regimes to increase exponentially in time and for concentrations near to a solubility equilibrium with atmospheric concentrations to increase rather more linearly. The apparent saturatiøns, i.e., the ratios of interior to mixed-layer CFC concentrations, increase monotonically i'n time, With the aim of providing orientation for these problems we assess in the present paper the temporal evolution of concentrations of the two CFCs in the ocean in quite general terms.
Introduction
Transient tracers are of interest in oceanography because their oceanic distributions can provide information complementary to that obtained from classical hydrographic data, relevant topics being timescales and patterns of thermohaline circulation and diapycnal or isopycnal mixing. Two such tracers are the chlorofluorocarbons (CFCs) CFC 11 and CFC 12 [Bullister, 1989 ]. Their release into the environment started in the early 1940s, and atmospheric CFC concentrations have been increasing since. Concentrations in the troposphere are rather uniform spatially, except for a certain drop from the northern into the southern hemisphere. Atmosphere-ocean gas exchange brings about near-solubility equilibrium concentrations in the ocean mixed layer. Subsequently, circulation and mixing transfer the two compounds into deeper layers. Conservative behavior in the ocean is generally assumed. Advantageous features of the two tracers are that the time-dependent ocean surface concentrations are fairly well known, that concentrations down to a few per mil of current mixed-layer levels can be detected, and that, at not too low concentrations, measure-We start by developing the concept of an age distribution for a stationary ocean. Subsequently, we select age distributions believed to be characteristic of, or limiting cases for, the actual ocean. For these, time curves of CFC concentrations, apparent saturations, and CFC 11 to CFC 12 ratios are presented. The results are compared to some available repeated observations of CFC concentrations. Finally, some applications of our results are considered. We specifically deal with the southern hemisphere ocean, but the results are sufficiently general to be applicable also to the northern hemisphere.
2.
Theoretical Evolution of CFC
Concentrations in a Stationary Ocean
Consider a water parcel at a certain point in space and time in the ocean interior. It will be a mixture of components that each passed through the mixed layer at a specific source location and at a specific time prior to the actual point in time; the time difference since last contact with the atmosphere is denoted component age. If as a first approximation we assume that circulation and mixing are invariant in time, the same will hold for the composition of the parcel, i.e., the source locations and ages of the components. If we furthermore assume mixedlayer CFC concentrations (Cm.
•.) to be in a solubility equilibrium with the atmosphere, the composition will uniquely determine the CFC concentration in the water parcel at any time. We write the relationship as
C(tobO = f o • dg(t) f o © dt Cm.l.(tob s --t) dt = Cm.l.(tob s --t) dg (1) where tobs is the actual time of observation and dg(t)/dt is the age distribution ([dg(t)/dt]dt is the fraction with age between t and t + dt, with norm f• [dg(t)/dt] dt = 1). The integration variable t is component age, which runs from zero to infinite. Here d g carries the mixed-layer signal t years prior to t obs. Note that (1) is valid for any stable transient tracer.
It is advantageous to remove the dependence of C m.
•. on temperature and salinity by expressing CFC concentrations c (in picomoles per kilogram) as an equivalent partial pressure P (in parts per trillion by volume (pptv)). The relationship is P = c/F(T, S), with F equal to the CFC solubility function . F appreciably decreases with temperature, whereas dependence on salinity can be regarded as secondary under oceanic conditions. As we assume solubility equilibrium for the mixed layer, (1) expressed in CFC partial pressure P becomes fo © F[T(t), S(t)] Patm(tobs_ t) d# V(tos) = Sos)
where Patm(tobs --t) is the atmospheric partial pressure and T(t), S(t) are the temperature and salinity of the component d#(t). The age components d#(t) now carry a weighting factor F[r(t), S(t)]/F(rob s, Sobs), which essentially gives added weight to colder components compared to warmer ones; the factor would be unity in a hypothetical isothermal and isohaline ocean. We note that under common oceanic conditions, the range of component temperatures will sufficiently restricted that F can be taken to depend on temperature linearly; Tob s and Sobs are linear mixtures of the temperature and salinity of the parcel components. It follows that the average weighting factor will be approximately unity. Because our intention is to address temporal evolution of oceanic CFC concentrations in quite general terms, we leave these subtleties (and also effects of a mixed layer-atmosphere solubility disequilibrium) to future consideration and restrict our treatment in the following to a simplified form of (2) in which the weighting factor is ignored; that is, we use P(tobs) '-' Patm(tob s --t) d#(t)
Certain specific age distributions are introduced in the next section. The presentation uses an integrated form, i.e., #(t) = f• (d#/dt') dt', which gives the fraction younger than t.
The atmospheric input function Patm(t) is well known since the late 1970s because of the daily monitoring of these substances in the Atmospheric Lifetime Experiment Program (ALE) [Cunnold et al., 1986 [Cunnold et al., , 1994 Figure 1 ; the same compilation shows that in recent years, northern hemisphere values are but a few percent higher. Atmospheric increases of both compounds apparently have been nearly exponential until 1974 and about linear since. Analytical approximations of the data, composed of exactly such functions, are shown in Figure  1 as solid lines. The partial pressures are well represented by the approximations, while there are deviations in the ratio of the two compounds, in particular before 1958. During the latter period, however, the partial pressures were small so that the deviation has only a small effect in practice.
We express the analytical functions by taking time relative to 1974; that is, we set to = tobs --1974. The functions are given in Table 1. The analytical form of (3) becomes P(to)=PO{fo tø [l + b(to-t)] dg(t) + ft• ea(tø-t) dg(t) } For illustration of implications of (4), consider two special cases. Suppose, first, that all components of a water parcel left the mixed layer prior to 1974. In this case, all age components belonging to the term with the time-linear integrand in (4) vanish, so that, for a given water parcel (i.e., age distribution), P(to) in our approximation is proportional to exp (ato). This case of an exponential increase is expected to hold primarily for low CFC concentrations in deep advective regimes in the ocean. Prior to 1974 the atmospheric partial pressure likewise was proportional to exp (ato) ( Oceanic CFC measurements in actual fact started only after 1974 (i.e., to > 0). In practice, therefore, the apparent saturation in our approximation is always given by
The main aspect of this equation is that the apparent saturation increases monotonically in time: Any given age component d#(t) will move up in calendar year as to increases. The contribution of this component to the apparent saturation is proportional to Patm(tO --t)/Patm(to) (equation (3)). Because the fractional yearly increases in atmospheric partial pressure have been decreasing monotonically since 1974 (Figure 1) , the value of this contribution increases with to, and the same must hold after integrating over the components d#(t).
Eventually, components that are significantly different from zero will be found only in the first term on the right-hand side of (5). The contribution of a given age component to the apparent saturation will then be ([1 + b(to -t)]/(1 + bto))d#(t) (equation (5)), for which, as the age t is fixed, the increase with to is evident. In the long run, t << to will hold for all components d#(t) of a significant value. Consequently, the apparent saturation will gradually approach unity. In reality, (5) should underestimate the future rise in saturations, because atmospheric CFC 11 and CFC 12 concentrations are expected to level off, rather than continuing their present linear increase as (5) assumes [Cunnold et al., 1994 ].
Selected Age Distributions and Resulting

CFC Time Curves
Age distributions of water parcels in the ocean can be of any form. As a next step we address four special ones that we consider to be characteristic of, or limiting cases for, coherent teristic age for distributions 1-3 is simply the mean age (Table  2) . Distribution 4, which is derived in the Appendix, is more complex as a mean age cannot be defined. Instead, a displacement age (i.e., the time required to bring about a given mean square displacement from the mixed layer into the interior) is used, which agrees with the mean age in the case of purely advective flow. 3g and 3h ). This is due to a substantial contribution of ages younger than the characteristic one in the latter case and to a large one of much higher age in the former. Correspondingly, a crossover with the curves of the other age distributions is found for the intermediate characteristic age (Figures 3d and  3e) . CFC 11 to CFC 12 ratios are essentially identical to case 3, independent of characteristic age. This feature arises because distribution 4 happens to be near to a composite of about 60% according to distribution 3, complemented by much older converge to a single curve (Figures 3a and 3b) . Approach to a similar situation beyond the year 2000 is indicated also for the intermediate characteristic age (Figures 3d and 3e) . Such convergency will necessarily occur once essentially all components of a water parcel are subjected to a linear increase of CFC concentration with time, so that the values depend solely on the characteristic age. Distribution 4 has a large portion of old components and therefore lags much behind the other distributions in this respect. The convergence formally follows from the fact that only the first term on the righthand side of (4) remains, which yields the concentrations as Po[1 + b(to -tchar)], i.e., obviously independent of the age distribution.
One furthermore notes that the apparent saturations change distinctly in time for all four distributions. A typical rate of change in Figure 3 is 5-10% per decade. This means that for low saturations (Figure 3h) , the relative changes are particularly large.
In the case of the CFC 11 to CFC 12 ratios the convergence includes distribution 4, for reasons explained above. Moreover, an essentially constant value is being approached, independent of the characteristic age (Figures 3c and 3f ). The conclusion is that the ratios currently have ceased to provide much information o n either a timescale or an age distribution, for characteristic ages of up to about 20 years. According to Figure 3i the situation appears to be more favorable for distinctly larger characteristic age. The useful range of ratios, however, is smaller than might appear from Figure 3i , because for ratios below about 0.4, partial pressures are generally too low to allow measurement of the ratios at a useful precision. There is therefore even for Characteristic ages sufficiently long, only a limited range of useful ratios, between large experimental uncertainties due to partial pressures being too low on the one hand and ratios becoming virtually constant on the other.
Comparison to Observations
Our issue is a prediction of the temporal evolution of the oceanic distributions of CFC 11 and CFC 12. A comparison to oceanic CFC observations is in order, to verify that our results, Figure 3 indicates that a distribution with young components being reduced somewhat relative to distribution 3, which would produce lower ratios, should provide a good fit to the data.
The differences between the time marks at the piston flow line in Figure 6 and 1991, the year of the observations, correspond to piston-flow ages (e.g., 11 years for time mark 1980). One finds that piston-flow ages and characteristic ages from distribution 3 that correspond to a given CFC 11 concentration agree up to ages of nearly 15 years, while for larger ages they diverge appreciable.
Discussion and Conclusions
From the comparison to oceanic observations presented in the preceding section we conclude that our concept gives a It is realized that age distributions in special situations may be quite different from the ones considered in this communication. Examples are mixtures of two or more deep water masses that carry significant CFC concentrations. Age distributions with more than one age peak might result. We believe that the present work can provide guidance also in such situations, for example, with the statement that an exponential concentration increase must prevail if all water masses involved are sufficiently "old" (section 2).
For the two applications mentioned the diagrams of Figure  7 can provide assistance in the following way: One guesses which one of the age distributions would be most appropriate in a given oceanographic situation and reads the time changes of the apparent saturation from the respective plot in Figure 7 . As the three diagrams in Figure 7 give curves only for certain values of the current saturation, some interpolation between the three diagrams will generally be required. An alternative procedure would be to use a, possibly very basic, model of the water body in question [Thiele et al., 1986 ] to produce an approximate age distribution, for which a time curve corresponding to (Figure 1) , and it adds credibility to ages based on CFC 11 (or CFC 12) concentrations. We repeat that such age has to be understood as the time since leaving the mixed layer, averaged over all components of a water parcel.
We have treated only the transient tracers CFC 11 and CFC 12. The reasons are that these are the CFCs for which by far the most data exist, also over an extended period in time, and that on the other hand the near similarity of their input functions, which might lead to a certain redundancy between the two CFCs, deserves scrutiny. We found that CFC 11 to CFC 12 ratios vary systematically in water bodies of a sufficiently long turnover timescale. The dynamical range of the ratios is restricted, however, because for very long timescales the ratios cannot be determined with sufficient precision. For shorter turnover timescales (about a decade or less), approach to an approximately constant ratio was noted (Figure 3) . But also in this case, CFC 11 to CFC 12 ratios can provide useful diagnostics, for example, on the presence or absence of older components in a water parcel. In all such applications, high measurement precision is a prerequisite.
The concept of age distributions might be applied to other 
